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‘CHAPfI'ERz

AN ASSESSMENT OF SEVERE AND SUSTAINED DROUGHT
m THE COLORADO RIVER BASIN

troduction

Discussed in this chapter are the methodology for drought characterization and

' _ analysis, and data on severe, sustamed drought dimensions relative to the projected demand

for water in the Colorado Rrvcr basin.
‘Given that the Colorado River system has a storage capacrty over four times as great

as its average annual patural runoff and an elaborate system of perfected laws governing

allocahon and system operatmn, it might well appear tbat the Colorado is an inappropriate

system in w]tuch to test mstrtunona] responses to severe, sustamed drought. However, at least

two factors‘ justify closer examination. The ﬁrst,c_oncems ‘hydrologic reconstruenons of

_unimpaired flows at Lee Ferry, Arizona, based on tree-ring analysis.  These reconstructions

indicate that droughts much more severe than those indicated from conventional streamflow
measurements have occurred in the basin’s recent past. The second factor involves possible

increases in the probabxhty, cbaractenstm or eﬁ'ects of drought, which may be associated with

' -hglobal warming.

" Abrief mtroduction to the basin and irey system components is necessary at this point( |
From its sources in western Colorado, southwest Wyoming, and northeast Utah, the Colorado

' Rrver travels 1,400 miles in a southwesterly drrechon to the Gulf of California. I drains. an

area of 242,000 square miles in tbe United States and 2,000 square miles in Mexrco Parts
of the states of Colorado, Utah, Wyommg, Nevada, New Mexico, Arizona, and California lie

- within the drainage basin. The Colorade River Comipact of 1922 divided the Basin into the

. Upper Basin and the Lower Basin for the purpose of apportioning beneficial consumptive use

|  of the waters of the system. Lee Ferry, the division point between Upper and Lower Basins,

- is located near the Arizona-Utah border one mile below the mouth of the Paria River and



‘Vseventeen miles below Glen Canyon Dam (Lalre Powell) The Upper and Lower Colorado
‘River Basins and major reservoirs are shown in Figure 2-1.
- .. Upper Basm runoff is the ummpaued or virgin flow of the Colorado Rrver at Lee
w‘Ferry, Arizona. Thxs v1rgm flow is calculated from observed flow, with adjustments made for )
| 'k . upstream use, out-of-basm dxversrons, and changes in reservorr storage. The ﬂow at the Lee
| Ferry compact pomt is the sum of the Colorado’ Rrver flow at the Lee Ferry gauging statxon
and the flow of the Paria River wlnch enters just upstream from Lee Ferry. |
Measured virgin ﬂow at Lee Ferry smce 1896 has ranged between 5. O and 24 mxlhon .
‘acre feet (mal) per year, with a long -term mean of about 15 maf (15. 06) ‘Of this amount,
 about 3.5 maf are currently being used in the Upper Basin and about 0.7 maf are exported
out of the Upper Basin, largely to the Front Range commumtres of Colorado
- The first major storage r&ervorr on the Colorado Rrver was Hoover Dam (Lake
Mead) completed in 1936, Wthh provrdes storage for a.ssunng Lower Basrn deliveries and
for hydroelectnc generatron Major water resource development in the Upper Basm began
~ in the 1950’s with the most 1mportant development being Glen Canyon Dam (Lake Powell)
o Completed in 1964, Glen Canyon Dam prov:ded the Upper Basm with the storage peeded
g " to meet downstream obhgauons while i mcreasmg consurnptrve uses in the Upper Basm states.
- Active storage capacities and average inflows to major reservoirs in the Colorado
’ RlVCl’ Basm ‘are shown in Table 2-1. Reservoirs having large amounts of storage capacnty
- compared to their average annual inflows are termed  annual reservoirs, while those with
negllgrble storage capacrty are termed run of river.
A study of severe, sustamed drought affecting the Southwest mvolves estabhshmg |
streamﬂow characteristics and the probabrlmes of drought events esttmatmg the effects of
E storage systems on water avarlabrlrty at key points in the systems over tJme given & streamﬂow
' characteristics dunng drought, and evaluatmg the relationships between avallable supphes and
pro_|ected demands at key points dunng the penod of analysrs
Details of drought hydrology are spelled out in the succeedmg sectlons The model -
‘ Wthh will be used for analysis is described below. ‘ B '
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‘Figure 2-1. ‘The Upper and Lower Colorado River Basins and major reservoirs.
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" Table 2-1. Major Storage Reservoirs in the Colorado River Basin.

Active Capacity | Ann.inflow |  Reservorr
- - MAF. | MAF/Year -Type

~ | Fontenelle = = . 0345 1.3 ~ Annual
Flaming Gorge . =~ 375 | 16 - | Cyclical
‘| Blue Mesa = .~ - 0.830. 17 | - Annua
| Morrow Point ~ ~ ~ | -0.117 17 | - . Annual
1 Crystal | oo18 17 | .- RunofRiver |.
| Navajo 170 800 | . 7 .Cyclical
LakePowel . | . '2s00 - .| 1030 | . Cyclical
LlakeMead =~ - | 2588 . 1010 | Cyclical

- § Reservoir -

~ Source: MWD Report 941, 1980
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_ The Analytical Model o
Severe and sustained drought in the Colorado system will be buffered by the massive

" 'storage provrded in the Colorado River Basin. For thrs reason, this drought analysis focuses
. on annual operatron of the two major reservoirs in the Upper and Lower Basins, Lake Powell |
o and Lake Mead, and the related eﬂ'ects on water avai]abrhty relative to aggregate demand.
o Ummparred measured strearnﬂow at Lee Ferry, Arizona was taken to be the 'basc case”

' hydrology and was compared agamst reconsmcted sequenc&s of equal length from tree ring
data dating back to 1520.

* . The Colorado River Annual Systcm Regu]atlon Model (CRASR) was chosen for this
' "Vstudy It was substannally modified and rewritten by the authors to operate on a personal -

, computer to reflect current operating regimes. Tbe model is a tool for considering annual

regulauon of Lake Powell and Lake Mead. Seasonal operation is not so critical as in other
" nver basms bccause of the large amount of storage capacity compared to annual runoff.
‘ Total reservoir storage available is almost 60 maf. The combined live capacrty of Lake
Powell and Lake Mead is about 51 maf. Upper Basin runoﬂ' the virgin flow of the Colorado
‘River at Lee Feny, has ranged between 5.0 and 24 maf, with a measured average flow of
‘about 15 maf. This is shown in Figure 2-2. . _ ‘
| The reservoir system model operates in accordance with the "Law of the River,” and
wrthm certain physical limits. Maximum storage capacms of Lake Powel] and Lake Mead
are 25.00 maf and 25.88 maf, respectively (Table 2-1). Typlcal minimum storage capacities
are 4.13 maf and 10. 02 maf, respectively, and represent the minimum power pool below which »'
. power generatlon at the projects would be interrupted. Shortage releas&s are made £rom'
' Lake Mead when storage falls below 10.62 maf. o
 The model responds to Section 602(a) ot' the Colorado Rrver Basm Project Act, which
allows for the storage in Lake Powell of water that is not required to be released (to Lake
Mead) for Lower Basin use. Such storage is permitted to the extent that the Secretary of the

B Interior finds reasonably nccessary in ordcr to assure deliveries to the Lower Basin without

. impairment of future consumptive uses in the Upper Basin. _Factors considered in

4 determining this storage include Upper Basin demands, a minimum objective release of 8.23
‘maf per year from Lake Powell, the minimum power poolin the other Upper Basin
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reservoirs, and natural flow at Lee Ferry for the 12-year critical period of 1953-1964.
As input, the CRASR model uses Upper and Lower Basin demands, initial reservoir
5 storage, iirgin'ﬂow or reconstructed sequences at Lee Ferry, Arizona, and certam operating.
- constraints. A strict accounting is mamtamed of all quantities of water involved. Each acre-
" foot of ummpaxred or virgin ﬂow to Lake Powell i is accounted for, as either an Upper Basin
depletnon (which includes reservoxr evaporatxon) a storage change i in Lake Powell or Lake
Mead, or a Lake Mead outflow to meet water demands. Within the two reservoirs, flow

contmmty is maintained by a sxmple mass balance

O=ItAS

~ where O = outflow, I = mﬂow and AS -‘change in reseﬁoir’storége We think that the
CRASR modeL smphﬁcd though it is, captures the essential features of the operauon of the

| 7 Colorado River system. Detaxls of this ana]ysxs are addressed in a later section.

Modc]mg Severe, Sustained Drought Model DCSCHQUO ‘

- The Colorado River Annual System Regulation Model (CRASR) is concemed
primarily with the annual regulatnon of Lake Powell and Lake Mead. Given projections of -
‘'water demand, xt is possible to use the model to determine the probabxhtxes of water supply
~ in future ycars in the Upper and Lower Basins in various circumstances of drought and | ,
streamflow. ‘

The model draws on three principal categories of input data: unimpaired natural
flows (which can be measured, reconstructed from tree-rings or synthesized uSing stochastic
techmques) at Lee Ferry; a schedule- of water demands or water depletions; and reservoir
regulation criteria, whxch include physxcal and legal restrictions or constraints governing the
 regulation of the Colorado Rwer System ‘Using these data, the program computes reservoir
_inflows, outﬂows and storage contents, along with system water supply and power production,

~ esshown schemaucally in Figure 2- 3. These data document the water availability relative to
. selected demands.
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- If Lake Mead has sufﬁcrent empty storage capacity to regulate hrgh inflows, and

suﬁicrent storage content above its mmxmum storage level to augment low inflows, reservoir

o releases will be made. However, when mﬂow exceeds outflow and there'is rnsufﬁcxent storage

o space to store t.he drfference, the excess inflow xs added to the stipulated Hoover Dam

. release When inflow is msufﬁcrent to meet the stIpulated outflow and there is not enough’
water in storage to make up thie dLEference, the Hoover Dam release i is reduced.

Reservoir ‘Regr_.r]atlon Cnten i ‘ ‘
~ The model operates the reservorr ‘system in accordance with the Law of the Rrver and
within certain physrcal limits of the system. Those parts of the Law of the Rrver of partrcular‘
significance to the model are the following: - : '
-1 "I‘he Colorado River Compact _

" The Water Delivery'Contracts 7

The Cahforma Seven-Party Agreement

The Me:ncan Water Treaty . ,

The U.S. Supreme Court Decree in Mna V. Cahfomr
" The Colorado River Basin Project Act ’

The Criteria for Coordmated Long-Range Operann of Colorado Rrver

Reservous

- WKV R N PR 8

Because this study uses a time mterval of one year, it was not possr'ble to simulate
mandatory flood control evacuation requrred by the end of the calendar year. Flood control

. . regulations for Lake Mead require that 5.35 maf of storage space be provided by January 1

of each year in Lake Mead or upstream reservorrs It is assumed that normal seasonal
regulation of the reservoirs will provrde the addmonal control space tbat is requued by‘
January 1.
, | ~ Minimum storage capaemes for Lake Powell and Lake Mead used in the drought
R study were 4.13 maf and 1002 maf, r&spectlvely These represent the minimum power pool
| _‘ below which power generatron at the pro;ects would be mterruptecL The Lake Mead storage:
- values that triggered surplus and sbortage releases were 22.92 maf and 10.62 maf, respectrvely.

.
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The jomt operatron of Lake Powell and Lake Mead responds to the followtng cntena |

tntheLawoftheRrver : S e _
IR ._Al.akePowellmrmmumobjectrvereleaseof&zmafperyear

| 2 | '_'Addrtronal releases from Lake Powell to equalize end-of-year actrve storages e

¥ in Lakes Powell and Mead if l..ake Powell would otherwrse eontatn more
: watertn storage ' o

3 "lhe mrmmum requrred water in storage in the Upper Basin reservoirs

2 eombmed, called 602(a) storage under the Colorado River Basm Project Act
7' “of 1968. This storage refers to the quantity of water to be in storage in the

. Upper Basin so as to assure future deliveries to the Lower Basin wrthout

,l 1mpamng annual consumptrve use in the Upper Basm. Thrs model used al2-

o year cntrcal penod, from 1953 to 1964, to calculate the 1602(a) storage

,requrrements It also considered minimum power pool m the other Upper

| - Basin reservous and pro;ected demand durmg the next 12 years for the Upper
"‘Basm deplettons ‘ ' ‘

ﬂlocatron of Shortages

Articles I](3) and II(4) of the Cntena for Coordmated Long Range Operauon of

Colorado Rrver Reservoirs provide for releases from Lake Powell greater than 8.23 maf in
order to achreve equaltzatton between Lake Mead and Lake Powell. “That is, an attempt is

made to equalrze the actrve storage between them. In addmon, Sectton 602(a) of Public Law o |

90 537 provrdes for a mlmmum amount of storage m the Upper Basin which ‘will assure

storage calculatron in this study assumed that during a critical drought penod, annual -

,,,,,

: 'f:'.v.‘Lower Basm dehvenes wrthout 1mparnng Upper Basin eonsumptwe uses. Part of the 602(a)

‘ rshortages in the Upper Basm would be 6 12% of the total demand (USBR, 1985) 'Ihrs e

- ,‘represents 2210 shortage on 2.1 maf of mumcrpal and mdustnal (M&I) uses, and 10%
| shortage on 3.7 maf of rmgatron uses. -

- ... . For this analysrs, a shortage eondrtJon ‘was tmposed when Lake Mead storage fell
" ‘below 10 62 maf. Reservorr levels in Lake Mead and Lake Powell were: not allowed to fall -
below mrmmum power pool levels. An. exammatron ol' other possible shortage strategres was

P beyond the scope of this phase of the analysrs

b
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implifying Assumptions _
i Several stmplrfymg assumptrons are mcluded in CRASR. Reservorr evaporatron from
Lake Powell and other Upper Basm reservoirs was consrdered to be constant from year to
year, and was included in the Upper Basm depletrons Cychcal storage tn reservoirs upstream

s from Lake Powell was rgnored. No adjustments were made for srltatron eﬁ'ects on Lake |

Powell and Lake Mead, or for bank storage.

The assumptron of constant evaporatlon is reasonable under normal operatmg

- conditions because the evaporatron would be buﬂ'ered by the reservoir storage However,

‘ under drought oondrtrons the evaporation would be reduced due to the smaller reservoir

surface area. Therefore the calculated shortages presented here are more severe than those

whlch would be expected to occur

Drought Charactenzatron and Anabgrs
Dracup, Lee and Paulson (1980b) rdentrﬁed four factors to be considered in

"'charactermng drought:  the. nature of the water deficit (hydrologrc, agricultural, or |

meteorologrcal) the basrc time unit of the data the threshold level and the selection of a
regronahzatron or standardrz.atron approach. Each of these is discussed in the followmg pages‘
relatrve to the type of drought envrsroned for thrs study, that i rs, a severe, sustained drought.t

Nature of the Deﬁcrt , '
' Drought analysrs over a large river basrn such as the Colorado may be usefully 7

approached from the perspectrve of meteorologrca] drought. Stneamﬂow is perhaps the best

o _hydrologrc variable at this scale, smce it mtegrates a vanety of processes over a watershed |

- such as runoff, soil morsture and evapotransprratton. Changes in clunate are thus reflected

s changes in streamflow volumes over a specrﬁed ttme penod. .

Tradmonally water resources desrgn, such as reservou' sizing, has been predrcated on’
an assumptron about the statrstrcal parameters of hrstonc streamﬂow series called s'taaonanry,'

*in which the parameters whrch charactenze hrstoncal streamf.low series do not change with -

‘time. This i is not to say that clrmate is stationary, since changmg chmate has been accounted
for in water resource system, desrgns by considering the variance of strcamflow (o) about its

| mean (Q) Statronanty assumes however, that future vanauons in chmate, as expressed in .
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streamflows, will be similar to those observed in the past. Typically in the western United

i States, the record consxsts of a penod of streamﬂow measurement on the order of 60 t0 80 -

: years. At Lee Ferry, Anzona, Colorado River streamflow records date back to 1906. This

| '80-plus-year penod contrasts to over 450 years (Erom 1520) of reconstructed streaml]ow :

‘ :records at Lee Ferry based on tree-nng studies, which offer a far richer record of vanabzllty
’ than the measured record. Climate changes aﬁected by anthropogemc actmtles may alter
 hydrologic cycles, as dramat:zed in recent years byi mcreasmg concern about eﬂ’ects of § growmg
atmosphenc concentranons of carbon dloxlde (CO,), nitrous axide (N,O) methane (CH.,), and
. troposphenc ozone (O,) key contn'butors to the greenhouse effect.”
- The increase in CO, and other gases is well established scientifically (AAAS, 1990).
A study of ice core data also shows a strong oorrelanon of temperature rise with increased
levels of CO, The magmtude, regxonal and temporal variations, and rmpacts of global
warming are, hovrever uncertain (U.S. EPA, 1988). There is also controversy in the scientific

community over whether global warmmg may have already begun (Hansen and Lebedeff, .

-1987; Hanson et al, 1989).
’ lmpacts of global warmmg on the hydrologlc cycle would consutute mvahdat:on of the

‘- stauonanty assumption. Dracup and Kendall (1991) showed that relanvely modest warmmg ]

could have a significant effect on the occurrence and severity of droughts. A five-percent
downward shift in the mean annual flow of four rivers central to California water storage and
'supply systems would produce a 20 percent increase in the occurrence of droughts as
N clasuﬁed by the Cahforma Department of Water Resources (Kendall and Dracup, 1988).
Other CO,-mduced climate change studies in the western United States show that the
unpacts would be severe and w:despread (AAAS, 1990).

The magmtude of the change in these statxstxcal parameters is unlmown And while

our studies cons:dered a shift only in the mean (Q) there is no reason to beheve that a shift
would not also occur in the variance (), or skew (¥). Rather than perform a sensitivity
, analysrs with these parameters, and create a number of what if scenarios, a deczsuon was made
to uu'hze the streamﬂow reconstructxons prov:ded by tree-nng analyses from the basin's recent
' past. - o L " S
| A compan'son of some reconstructed s'eq’uences' using hydrologic sn'eamﬂow records’
of equal length are shown in Table 2:2. What is most striking is the smaller mean annual
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<. Table 2-2. Comparison of Reconstructed and Measured Flows at Le¢ Ferry, Arizona.

Tree Ring TreeRing | Tree Ring - Tree Ring Measured
1520-1599 - 1600-1679 1680-1759 1760-1839 1906-1985
| 1335 maf 13.43 maf 13.78 maf 12.97 maf .06

g
ane.
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. ,ﬂow for the reconstructed sequences, wluch ranges from 12.97 to 13 78 maf, compared to the
1906-1985 record of 15.06 maf. Stochastic flows generated from an autoregressive model of

, order 1 (AR(I)) were also considered in the drought study. It will be shown that hydrologxc
- 'sequences provided by tree-rmg reconstructtons were the most appropnate choice for this

. level of analysis.

'Ba51c Tnme Interval of the Data ~ :
Drought analyses are typically consrdered ona monthly or annual time scale ‘For this

analysts, a tlme scale of one year mtervals was chosen, conslstent w1th the resolutlon prov1ded |

by tree- nng reconstructlons

. Threshold Level :

Threshold levels in drought analyses are typlcally taken to be'a streamﬂow s mean or
medlan Other appropnate thresholds may include average annual demand. For this analyns |

the threshold level was taken to be the mean annual measured ummpatred flow at Lee Ferry, ,

important because compansons usmg this threshold level will be made with reconstructed

annual umrnpalred flows at Lee Ferry from tree- -ring data

Drought Parameters in the Colorado
A drscussnon of the Hurst, phenomenon, which is the analysxs of persrstcnce in

hydrology, is found in the Appendlx. One reason suggested for thxs persistence behavior i is

that the process which governs streamflow is non- statlonary in its mean. Incorporatlon of '

tree-rings into this type of analysxs gives a ‘measure of" support to this idea. An
. anthropogemcally induced climate change would also exacerbate this process Evrdence of

a nonstationarity in the mean is shown i in Flgure 2-4

FlOTE n .o

Analyses pcrformed by a panel on water and chmate for the Nattonal Academy of

~ Sciences (Walhs, 1977) argued against a statronanty-mdependent or short memory process

| s giving rise to the Colorado River flows. Furthermore the panel esttmated the long-term
- _ _‘mean for flows at the Lee Ferry compact pomt to be 13.5 maf..

Drawmg on the prewous discussions, a drought may be charactenzed as any year. or

consecutive series ol' years dunng whlch average annual streamflow is contmuously below
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© some specr.fied threshold level, whrch is typrcally taken to be the long-term mean (Y ev;evxch'

o . 1967 Dracup et al., 1980a).

A drought event is constdered to be composed of three deﬁmng attn'butes duratron
Dy seventy, whtch is. the cumulatrve deficit, S; and magmtude, which |s the average water '

L deﬁcrt, M; such that S=Mx D Since the parameters are mterrelated, any two are necessary

: and sufficient to completely deﬁne a smgle drought event (Dracup et al, 1980b) Duration

‘ and severity are the. most strongly correlated parameters, and may be considered to be the

two pnmary parameters dependent on streamflow values. Magmtude is a secondary

- parameter; duration and magmtude are weakly oorrelated.

Based on thls deﬁmtron of drought we may wnte the seventy of a multxple-year. :
" A.»droughtas S S

SfYﬁYz Yy

| where ‘

) d= drought duratlon (years)

Y ! = defi cit in year n ofad year drought (maf) ’
' Assummg that the deﬁcrts are independent and ndentrcally distributed, we may write

the expected value and the variance of drought severity as ‘

E(S) = E (XY, +_..‘,_Y:> = dE(Y)
" and ; | o

VAR (5) - Ed - VAR (Yf) + VAR (d - E v
Whatis' interesting to note aa;'m these, last two equations is mat their retationships hold

~-without any .assumptions when viewed from a computational standpoint. As will be shown '
- later, the expected value of streamflow deficit is a function of drought duration d.

As shown in Table 2-3, twenty hydrologic droughts have occurred over the penod of .

record £rom 1906 through 1985. Of these four had a seventy of over 15 maf, with a duration -
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. *  Table2:3.  Historical Hydrologic Droughts on the Colorado River at Lee Ferry, Arizona
. 1906-1985. ¥ ‘ | |

- Drought * Duration -} ... Starting - -~ 'Severity Magnitude
- No. . (Years) | Year . (maf) : (maffyear)
1 S i ‘ 1909 . 2954 | 2954
2 2 1911 . 0.665 0.333
% 3 1 1914 - 0.769 1 0.769
4 1 1916 4 .. 1103 L1103
S 1 1920 ' 2.290 . 2290
6 .2 - 1925 - 2432 | 7 1216
7 1 1932 . 6609 .. | 6.609
8 5 1934 16.520 3304
9 2 1940 - 9.382 4.692
10 1 1944 1.617 1.617
11 2 1946 - 5.506 : 2753
12 - 2 1951 4678 - | 2339
_ 13 4 . 1954 S 20092 5.023
U 14 3 1960 ' '15.267 " - 5.089
z 15 2. 1964 10422 . o521
16 4 197 | 9176 . 2294
17 2 1972 2971 . - 1.486°
i 18 -1 1974 1,945 ‘ 1945
19 .3 - 1977 -l 15351 5117
20 : 1 1982 - 7410 7.410
_——
- 82
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| rangxng from 3to 5 years. Itis apparent that a severe and sustarned drought in the Colorado .
- Rrver ‘Basin, given system storage, rs not necessanly produced by a smgle contrnuous drought

B event, but may arise from a senes ot' events separated by one or two years For the period

" of record, a series of droughts that define the entrcal penod hydrology" for t.he Colorado
- Rrver began in 1954 and continued through 1971. -
* Two sets of 80-year sequences from tree-nng recomtructed streamﬂows at Lee Ferry

whrch exhiblted different ty'pes of severe droughts were chosen for the purpose of companson o | ‘
_The penods selected are 1520-1599 (Fi gure 2-5) and 1600-1679 (Fxgure 2-6) These periods " <
: drsplay different types of droughts with regard to their number, durauon, and seventy The

sequence from 1520-99 drsplays a senes of droughts four of which contribute collectively
‘ toward a severe and sustamed drought condmon from 1573 through 1597 (T able 2-4) The
1600-79. sequence displays the most sustained drought, a 15-year drought begmmng in 1659
(Table 2-5). , , _
Mamtammg the same . threshold level of 15 maf (the long term mean from 1906-85)
for all sequences fifteen drought events were ldentrﬁed for both tree-nng reconstructed
-‘streamﬂow records Drought characteristics drffer sngmﬁcantly The period from 1520-99
. exhibits four droughts begmnmg in 1573 and extendmg through 1597. These are shown in
Table 2-4. Conversely, the penod from 1600-79 drsplays a smgle severe drought ofals years’

duration, as shown in Table 2-5.

Generat1on of Severe, Sustamed Droughts ‘
Elow Compansons by Data. Source o

Generated Stochastic Flows for Lee Fe erry

_ Part of thxs mvestlgatlon centered on whether or not severe sustamed droughts on the
Colorado River could be better represented stochastncally with an ‘autoregressive zero-order
' ‘(AR(l)) or low-order memory model. Examination of tree-ring reconstructed flows,
" part:cularly in relation to their mean, would argue agarnst this. That is, nonstationarity
behavior is observed As noted earller. the conventional met.hod has been to use index-
- sequential hydrologic sequences. . As a point of compenson. however, a simulation was made

 using both approaches.
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Figure 2-5. Streamflow Sequence at Lee Ferry, 1520-1599.
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' 7 TREE RING RECONSTRUCTED 1600-1679
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Figure 2-6. Streamflow Sequence at Lee Ferry, 1600-1679.‘
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+ Table 24. - Tree Ring Reconstructed Hydrologic Droughts on the Colorado River at Lee
- - Ferry, Arizona 1920-1599. . , ,

" Drought Duration Starting Severity ‘Magnitude

-~ No. . (Years) | Year : (maf) (maffyear)
1 1 1523 - 6.000 6.000 -
2 2 1528 4.600 2.300
3 5 1532 27120 - 5.440
4 2 1538 8.000 4.000
5 -7 1542 - 3310 ‘ 4729
6 1 1552 2100 2.100
7 1 1556 1 0.600 0.600
8 2. - 1559 -~ 6.500 . 3250
9 3 1562 7.400 - 2.467 .
10 5 1567 " 9.400 1.880
11 -5 1573 : 16.30 3.260
12 - 3 1580 1390 4,633

' 13 .5 1584 29.90 .5.980

14 7 11590 3460 | 4943

. 15 3 1598 6.600 - 2.200



“"'fable 2-5. Trec Ring Reconstructed Hyd.rologlc Droughts on the Colorado Rrvcr atLee
. | Fen'y, Arizona 1600-1679 | .

Du_rat10n~ ; , Magmtude
(Years) - Year (maf) . (maf/year)

1601 | 5800 2.900
-.1608 © 4200 2050
1612 5100 . 1,700
1617 0500 0.500
1620 | . 1900 1.~ . 1.900
1623 1880 | .. 2686
1631 - 2080 ' 6.933
1635 1590 . | - 2650
1642 |- 1100 .~ - 0.550
1645 | 1880 3.133
1654 | - 148 . | - - 7400
1657 . 1200 | 1200
B S 1859 5210 | 3773
14 . - | 4 | o167 0 8100 | . 2025
‘ N B R 1 . 1100

V00~ B WA = g
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" The AR(1) model is written as

R Xy = Bx * P4 (X) (xt"l*) + 6 °x(1 P1 (x))z v

e

- where:

* X,=In(Q) are transformed annual streamflows
e is independent zero mean unit variance white noise
Bs is the mean of the log transformed flows
 o,isthe standard deviation of the transformed flows
p,is thc senal correlatmn of the transformed flows

The synthetic streamﬂows generated at Lee Ferry include uncertainty in the estimated

- parameters of the annual streamflow model. Two thousand sequences were.generated,

24y
e

7,
2

.. where:

utthzmga software package, SPIC}OT (Grygrer and Stedinger, 1987 and 1988).- This model

was originally written for use on a VAX system. Results presented in this study, however,

. represent a version of SPIGOT which was compiled for personal computer use by the

authors. With the exception of a random number generator routine, however, the PC version |

s’ completely analogous to the mainframe version. (A ‘new'version of SPIGOT specifically

i for the personal computer is expected to be released in 1990 (Grygler 1990) )

- SPIGOT generated streamﬂows in a two-step process. Consider the followtng form
for the AR(l) model:

‘XM = ““* B xt" Vr

=V, are independent zero-mean normal random uariables
=1
- a=p(l- ﬁ)
Zellncr (1971) showed that the standard devratron o, of generated streamﬂows X has

"an inverse chr dtstnbutton if the tnformatlon used to determme alpha and beta comes only

from the historical record. A given o, e and 8 have a multrvanate normal distribution. Thus,

X N streamflow sequences are generated by first generating N complete sets of parameters 6

‘ :& and 8. Each set of parameters is then used to generate one streamﬂow sequence

421 '



Comganson Between Hlstoncal and Generated Statrstrcs

A cornpanson between hrstoncal and generated stattstrcs for Lee Ferry, Anzona is

B shown in Table 2-6. Monthly ﬂows were summed to annual values to serve as input to the H
' ;- ‘regulatron model. The standard.‘dewatron of the means of the annual flow sequences was '

. - 0.874 maf, while the standard deviation of the sequence standard deviations was 0.511 maf, -

dex uentlal Hydrologic uences

w

The ability of the AR(l) model to reproduce hrstoncal statistics can be thought of as' o

a venﬁcatron procedure. However, 1ts ability to reproduce drought events as Of more severe

~‘than’ those seen in the hxstoncal record must be demonstrated through some type of
srmulatron While the sequent-peak procedure has been used (Stedmger and Taylor, 1982b

Kendall and Dracup, 1991) synthetxc and hrstoncal hydrologrc sequences were run through
CRASR. The historical sequences were: created with a procedure known as the index:

sequential method. In order to devebp probability estimates of water supply, many agencies

in California and the United States  use the index-sequential method to create a set of

realistically probable streamflows. Each sequence differs from the next only by the fact that

' the ﬁrst streamflow year is mcremented by one. For example, in hydrologic sequence 1, the |

first historic streamflow is assumed to occur in the first demand year of a study. In sequence

2, the second hxstonc streamflow occurs in the first demand year, with the first historic

streamflow being wrapped to the bottom of the deck, 5o to speak. Consequently, there are
as many sequences as there are years of hydrologic data. This procedure is currently

practrced by the California Department of Water Resources (DWR, Division of Planning), .

| the U.S. Bureau of Reclamation (CRSS model), the Los Angeles Department of Water and
Power (Coufel, 1989), and the Metropolitan Water District of Southern California (MWD,
'1989). While stochastic flow studies have been carried out by some of these agencies (Lane

| etal 1975; Arora, 1984; LADWP, 1987), the use of the mdex-sequentral method appears to

~ be the procedure of choice. ‘ RS

Engmeers have: tradmonally relied on a concept known as cntrcal pcnod planmng ‘

~ when makmg simulation or dwgn studies. Drawbacks in this approach have been
- documented byseveral authors, mcludmg Loucks etal. (1981) Lettenmarer etal (1984), and

i o e 89



.  Table26. Companson of Historic Streamﬂow and AR(l) Model Statistics (Thousands

- of Acre-Feet) _

Hist. ¢ Hist. AR(1)

: | | AR(1) ‘
“Annual - | 15063 15132 | 40823 41585 - 0.160 0.161
.~ Jan 3349 | . 3645 60.49 96.78 | 0546 0.557
" Feb 3748 407.8 92.57 .126.6 10.256 0.545
* Mar . - 6283 | 6742 2092 239.4 0.235 0.446
= Apr | 12112 1276.7 4968 - | 5243 | 0387 + 0370
May | 30967 | 32419 1108.0 1067.4 0.547 0.413
Jun | 41535 4643.8 - 1529.1 20230 | 0605 .| 0549
Jul 21888 ‘| 24770 912.4 12859 0815 | 0804
 Aug 10640 | 11364 | 4206 4448 - 0.722 0.592
.- Sep 6384 | 6715 03314 | 3150 | 0622 10.443
. Oct 5604 | 6116 . 2792 3135 - 0.502 - 0419
" Nov | 4527 - 4937 1228 166.5 10710 | 0511
# Dec 3593 390.3 70.78 - 108.1 0705 |- 0559
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S Vogel and Stedmger (1988) 'I'he use of wrapped hydrologxc sequences can be vxewed as-an

extension of crmcal-penod planmng The objective is to eompute probabihty of reservoir
| Astorage or supply deﬁcxts at, for example 8 particular level or year of demand. The ensemble

of wrapped sequences essentially represents a cycling of the crmcal period relative to a ‘_
- " prespectﬁed demand year and level. A fundamental drawback wlth thrs approach is that the ; ..

:cntrcal penod observed in this historic reeord of the past is the worst that ever occurs in any

- of the wrapped sequences, unless the begmmng and end of the hrstonc record are low t]ow.

penods and appear as periods of scarcxty in the early years of sequenee wrappmg
“ Wrapped hydrologrc sequences of the historic record are not addmons to the random

process expressed in years of record, even though they are’ so treated when probabthty curves -
are developed. The correlatnon structure of the measured data set is preserved an 1mportant ‘
S factor in’ multi-site models where modelers may want to preserve cross-correlatlons In the

| wrapped sequence method, pers:stence |s preserved but ﬂows are constramed in space and;

tune to those observed in the one (hrstoncal) reahzatron of a random process

: A ‘simulation ‘was’ performed uttlmng measured ummpalred hydrology at Lee Ferry -
: ‘(1906-1985) vnth the AR(I) model and the mdex sequentla] method. Average I..ake Mead .

storage levels are shown m F'gure 2-7. Likewxse average Lake Powell levels are shown m‘

Fig igure. 2.8, As can be seen, there is essentrally no dlfference between the two approaches

" from an verag perspectrve This is not unexpected considering that the AR(l) model -
, :reproduces mean annual ﬂows very welL On the other hand, the AR(1) model does a better -
o job at. the taxl of the probabihty distributions’ that can be developed as shown in Flgure 29 .

- for Lake Powell, and Figure 2-10 for Lake Mead Which method should be apphed when
. studymg severe and sustained drought"7 lt is easrly seen that the AR(I) model developed with

- current measured hydrology would not be able to produce droughts as severe as those

observed from tree-nng reconstructlons (due to t.he nonstatronary,. ‘Jower mean)'

~ Furthermore, an AR(I) model developed from stattsttes based on those. reconstructions would

t_add uncertainty to uncertamty, given the observed bxas mentxoned below For these reasons

: then, the decision was made to use the reoonstructed data, along with the tndex-sequenual |

procedure l'or the generauon of pseudo-hkely sequences We consider it to be the best
. procedure for companng the eﬂ'ects ot' a severe, sustamed drought, albelt tmperfect.
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One could argue for the use of a fractional Gaussian noise model which preserves
- long-term persistence. However, as noted by Stedinger and Taylor (1982a), these models

- suffer from serious parameter estimation error, in which case one is better off using an AR(1)

' model which accounts for uncertamty in its parameters. But that model assumes stationary
parameters such as the long term mean. Rather than get caught up. in the dtlemma of which

model to use, it is consistent with the objectrves of this analysrs to simply use e:nstmg
| tustoncal (reconstructed) streamflow data. Additionally, meamngfu] conclusions can be drawn
'Erom averaged simulation results. And as demonstrated prevrously, the index- sequentral
_ procedure and the stochastrc AR(I) model produce essentially mdrstmgutshable results at an

average level.

Simulation Compansons Between Tree ng and Measured Flows .
' Matalas and Fenng (1977) noted that a bias exists in gcochronologtcal records such
as tree nngs when used to estimate streamflows.. Long-term mean estimates are reasonab]e
but tree-ring mdlces are more normally dxstnbuted and more hrghly correlated than
streamﬂow However, xt has never been determmed whether these drfferences in statistical
' properues are srgmﬁcant enough to oﬂ'set the utility of reconstructed ﬂows in water resource
. systems analyses B ’ ' '
As a.point of comparison, simulations were performed for the penod of record 1906-
1961 where there were overlapping streamflow estimates for Lee Ferry from tree-ring
reconstructions and streamﬂow measurements (see Figure 2-11). (The tree-ring reconstructed
' ﬂows 'were actually cah'hra'ted against the 1922-1988 record; streamflow measurements from
1906-1921 were not includedfor calibration purposes because of concern for measurement
. reliability.) The dlfferences are reflected in Flgure 2-12 for I.ake Powell storage and in
Figure 2 13 for Lake Mead. Maximum lake level differences are on the order of about 1
,rmlhon acre-feet over the 32-year srmulanon penod, with the tree-nng reconstructions
prowdrng a lower estimate of storage than the measured flows. The mean annual measured
‘ flows were 15.41 maf, while the mean annual reconstructed flows were 15.04 maf. The
- difference in lake levels between the two simulations produces a small shortage in the Lower
Basin as shown in Figure 2-14. Upper Basin average shortages are shown in Figure 2-15.
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. Lee Ferry Streamflow 1906 -1961
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_TREE_RING AND MEASURED FLOWS 1906-1961
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Demand Assumptions

System regulation studies to determine future water supplies are performed over a

© seriesof years to accommodate growing demands. For this study, a demand period from 1989

to 2020, or 3_2 years, was simulated to accommodate the rather large drought peﬁods observed

in the tree-ringr reconstructed hydrologic sequences. Demand data is taken from data used

by the Bureau of Reclamauon as the base case for its Colorado River System Simulation
(CRSS) model. '

The model output is dxrectly related to the hydrologic sequence input. For water
system desxgn purposes,  streamflow is recogmzed as a random proc&ss of wlnch the historic
hydrologic record is one expression.

The hydrolog1c sequences compnse what can be taken to be year-to-year water supply

- Coupled with this are year-to-year water demands. When demands exceed supphes, addmpnal
yield is provided ffom water stbred in reservoirs. Water losses due to evaporation or seepage
from the conveyance system can be regarded as an addmonal demand.
| - The Upper and Lower Basin demand schedule used in the analysis is shown in Tables
2-7 and 2-8. These data are consistent wnh those in the USBR's model of the Colorado |
River (CRSS).

Lower Basin demands include all uses from Lake Mead and downstream. The
demands include. those fo; Cahforma, Anzona, Nevada,_and Mexico, as well as net losses
below Lake Mead. | | o

| Ox rating the Model

‘Comgari-son of Sc:'vereI Sustained Drought Simulations
Simul_atiohsvweilje made for the hydrdlogic period 1906-1985 (the base case), 1520-
1599, and 1600-1679. Each simulation produced results from 80 index-sequential bydrologic
sequences, and included r&en_roif storages, releases, and 1mposed shoriages in the Upper and
Lower Basins. These results were ranked using a Weibull plotting position, in order to form
_empirical cumulative distﬁ'bution functions (CDF). VA.vei'age stbraga. releases, and shortages

were also computed. The simulations were based on one interpretation of the Law of the
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. Table 2-7. Upper Cdiqrad_d River Basin ,W“avt‘er‘ Demands (;ﬁat). L

. Water Year o ‘
o e ~ (incl. Mexico and losses)

- 198889 - | . 3540 acre feet
1989:90 - B 3550
1990-91 - - -~ - 74040
199192 . - . 4050
199293 - - | - 4060
. 199394 - | 4070 -
199495 - - 4080 .
199596 | . . 409
. 199697 . © 4200
19978 . . |- . 4310
199899 -4.410 .
1. . 19992000 . | 4520 .
- - 200001 .| o 4630 -
200102 0 0 4640 T
200203 | 4660
2003040 0 T - 4680 . 1o
1 2004-05 o) e 4700 0
1200506 S 4m20
2006-07 4740
200708 © - | . 4760 -
- 200809 | 4780,
- 2009-10 K o 4800
S2010-1 -0 T b 4830
201112 S 4840
S 201213 ] 7 4860
201314~ - C - 487100 -
201415 0 | . aB% T -
S 201516 . ] 4900
2016-17 . 1 49100
201819 . of L - 4940

* Source: USBR 1985 *
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" Table28  Normal Lower Colorado River Basin Water Demands (maf).

1983-89
1989-90
1990-91

S 199192

.. 199293
1993-94
1994-95
1995-96 .
1996-97
199798
1998-99 -

12000-01 -
200102 ~ -
- 2002-03
S 200304
. 200405 -
~ 2005-06

200708
200809
" 2009-10
2010-11
201112
201213

201718
201819
2019-20

Souré: USBR1985 |

19992000

201314 .
| 201415,
1201516 .
2016-17 |

104

9.370
9.460

. 9.m ”"l{} ;
9.490

9.490

9500 .
9.500

9.510

.9.510

9.520

9530 ..

9.540

9550 ..
9550
9.550
9550
9550
9550
- 9550
9550
9550
9.550
. 9.550
9550
9550
9560
9560
.. 9570
9570
95707 -




| Rrver, and the 602(a) storage requxrement. The CRASR model operates on an annual lcvel 7

and includes several srmphfymg assumptlons hsted earlier. For this type of analys:s, the
- absolute value of a parhcular parameter such as reservoir ctorage s not as ngmﬁcam as tbe
: ‘_dxﬂ'erence between two simulations.

ke Powell o SN
~ This chapter d:splays results derived from sunulatmg 80 mdcx-sequenhal sequences
- for each of three 80-year hydrologic periods on the Colorado River: 1906-1985 (the basecase
R years of record), 1520-1599 and 1600-1679 Each. sunulanon mcluded streamflow at Lee -
Ferry and reservoir storages, and releases, grven water demands as specxﬁed in Table 2-7 and
2.8 for periods begmmng in water year 1983-89. |
Results in terms of reservoir storage levels in Lake Powell (for Upper Basm) and

" Lake Mead (for Lower Basm) based on interpretation of the Law of the River and the | o

'602(a) storage reqmrement, were ranked according to prohabihty of occurrence (using a -
Weibull p]ottmg posmon) in order to provxde empmcal cumulative distribution functions
7 (CDF) In other words the probabihty of an occurrence of a specrﬁc storage level was

' determined by plotting storages for each of the 80 years of the sequennal}y tndexed hydrologlc  j :

records, and determrmng probabihtnes for each storage level
| ~ Average storagcs and releases were also computed and plotted. The speaﬁc
parameter selected for display is the probability that storages at specxﬁc levels would be
R exceeded for each of the specific streamﬂow/storageldemand sequences for the year displayed.
' Medence probabilities, dcveloped for Lake Powell showed that a repeat of a
hydrolog:c period like that of 1520-1599 or 1600-1679 would be significant. At the 90%
exceedence level! the dtfferencc between the base case penod (1906-1985) and 1520-1599 B

. is about 1 maffortheyearZOOO I.akePowentsatmmmumpowerpoo,atss% L

exceedence, as shown in Flgurc 2-16. M.lmmum power pool exceedence decreases to 80%' 7
 and 75% by the year 2010 and 2020 respectively as shown in Figures 2-17 and Figure 2-18 -
L A companson of the two. dmught scenarios shows that they have: similar probabihty]
o curva with maximum drﬂ'ercnees at the lower exceedence levels. While both ) sequepces

i ‘i.e., 8 90% probability the reservoir storage‘-wﬂl be equalto or greater than the indieated amouht.
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" exhibit quite differeat types of droughts, preceding or subsequent high flow periods tended

o 'to produce an equalizing eﬂ'eet between them, when eonsrdenng the entire 80-year sequence. '

N Lalre Powell average storage levels were calculated by tahng the average from 80
'fwrapped sequences for each sxmulatron year Results are shown i in Figure 2-19. Note that
o . the average storage level dtﬁerence under severe sustamed drought condmons ranges from B

: appronmatelys to 6maf £rom 1988 to 2020

L LgkeMead

- Lake Mead srmulauon results are srmilar, wrth the dtﬂ'erence between the base case :

- and both drought sequences on the order .of 6 maf for the year 2000 at 90% exceedence‘ SR
Mrmmum power pool exceedence probabtlmes are about 80% and are shown in thure 2-20 o
" For the most severe drought seenano (1520-1599), mrmmum power pool exmdenee levels o

- ‘decrease to about 50% by the year 2010 while those for the sequenoe 1600-1679 decrease,; AR

o to about 70% (see thure 2-21). By srmulatron year 2020 these exceedence levels decrease*‘ _
" o 40% and 55% respectrvely (see Fi Fgure 2-22) thmum power pool medence predrcted .

,bythehasecasewasgreaterthan%% :

Average storage levels for Lake Mead are shown in Fgure 2-23 and mdxcate a'j -

maxtmum drfferenoe of about 6 maf between the base case and drought seenanos

".' Qgpgr Basm Shortagg

_ Water shortages in the Upper Basm were allocated aeeordmg to the mterpretauon' .
T o of the l..aw of the Rrver and storage: provrsron reqmrements. Following the same procedure‘ .
N - for the development of exewdenee probabilmes for reservorr storages srmilar eumulatrve‘ '

~‘drstn'buuon functnons were developed for Upper Basrn shortages. Year 2(!)0 shortage o

‘probabilltxes are shown in Figure 2-24 The base case. hydrologrc sequenee (1906-1985)
indicates no shortages. The sequence 1520-1599 mdreates shortages of about 300, 000 acre-
' feetat the 75% exceedence level. ‘The 1600-1679 sequenee mdtcates Upper Basin shortages |

of about 300 000 aere-feet at about the 35% mdence.

Shortages of about 3(1)(!)0 acre-feet at the 95% and 87% mwdenee levels are o
‘ mdtcated by the year 2010 for the two drought sequences (see thure 2- 25) The base case
,sequence rndu:ated Do shortages. Stmilar rsults are: shown for srmulatron year 2020 except ‘
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that meedenee probabilmes have increased in all cases, as 5h°“’n in Frgurc 226, That B

| shortages are present at the 98% and 88% excwdenee levels for the two drought scenanos .

- while base case shortages are mdrcated at 50% meedenee. Average shortages for the 32
R fyear simulation penod are shown in F'gure 2-27 Upper Basm shonages are shown as not

; ‘exceeding 300,000 acre feet, eonsrstent with prevailmg U S. Bureau of Reclamahon operatxons' .

L \pohcres

. ‘w& : : |
- . Calculated Lower Basm shortages were much more. severe than those for the Upper; .
- Basm. For srmulatron year 2000 no shortages were predrcted by the base ease hydrology, "

“ . :.although 1.45 maf shortages were calculated at the 70% and 30% ex::eedence levels for the
drought sequences 1520-1599 and 1600-1679 respeet:vely (see Frgure 2-28) ' For the year‘ o

2010, the base case bydrology yrelded 1.45 maf shortages at about the 50% exceedence level,

' while the 1520-1599 drought sequence showed the same shortages at 95% exceedence. The |

- drought sequenoe 1600-1679 rndrcated 145 maf shortages at 85% exceedence, as shown i in
- Figure 2.29. For srmulatron year 2020, the base case exceedence levels increase to about

B ‘60%, while the drought sequence 1520-1599 tncreases to greater than 98% exwedence Thej o

o penod 1600-1679 yrelded shortages at 85% exceedence, as shown in Fgure 2.30. o
| I.ower Basm average shortages are shown in Fgure 2-31 The Lower Basin is 1 “‘_j,-
- expected to take the brunt of the severe shortages, w1th to-the Upper Basrn only bemg Lo
 shorted 6%. - ‘ o

A repeat of the bydrologic penods 1520-1599 or 1600-1679 on the Colorado River
. u]d have srgmﬁmnt impacts on water availabihty and shortage allocations in the Upper and
‘ Lower Basm It should be noted that results presented bere are not speculatrve what- if "

B seenanos. For the most part, they represent likely outcomes of hydrologic sequenees that
" have taken place in the recent past. Observation of Table 2-2 indicates that the | fiver has had

h above—avemge flow (15.06 mat) over the past erghty years, as opposed to its previous average
“of about 135 maf per year. The potential for anthropogemc climatic ehange eﬂ'ects could '

exacerbate 8 srtuauon where the eth'bnum level of thc Colorado Rrver over the long term o
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LOWER BASIN SHORTAGE - YEAR 2010
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Figure 2-30. Lower Basin Shortage - Year 2020.
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© (its mean flow) is lower than that rneasured over the past century. Shortages on the order
of 300,000 acre-feet (under current system operation regimes) could occur in the Upper Basin
i 'as a result of hydrolognc conditions derived from study of tree-ring data. Lower Basin
}' . shortages on the order of 1.5 maf have probabilities of occurrence of over 90% and about
85%, respectwely grven the 1520-99 and 1600-79 droughts

If the busmess-as-usual approach has been an optimistic one then areas of future
study need to focus on those activities that can help mmgate negative impacts in the Upper
and Lower Colorado Rrver Basms These would include conservatxon practices, conservative
management of surface and groundwater, and systems for orderly and mutually agreeable
movement of water to l:ugher-valued uses, mcludmg temporary transfers under drought
- conditions. ' A ‘
| ~ The merits of thxs study lie in the use of data drawn from events, not prolecnons '
N Whrle there is a degree of bias present 1n the tree- -ring reconstructed sequences, its impact
on water resources system analyses is currently unknown, and indeed may be small.

. Furthermore estimates of the mean are considered to be reliable.

It is doubtful that Lake Powell and Lake Mead would be allowed to drop to mmmum

EHa power pool levels before other types of shortage procedures were invoked, since in a real-

 time operation, there is no way to deduce ahead of time whether a drought has ended. This
| analysis dtstn'butes shortages in the Upper and Lower Basm in a manner that would be
consistent with ensung laws and operatmg criteria. By no means was it intended to be a -
statement of how shortages would in fact be allocated. Another area for future research is
" a critical assessment of potentral shortage allocatlons and strategles that rmght be mvoked by
‘the Secretary of the Interior in the event of a severe and sustamed drought.

It is in the area of pohtm that dec:srons will be made about ways of responding to,
mmgatmg, and avoiding drought effects
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ndix 2-

| ]h Hurst Phcnomeno ,
S An assessment of severe and sustamed drought would not be complcte without a
- discussion of the hurst phenomenon and hydro]ogxc persxstence, whxch is the observed

“ tcndenq of high flows to follow high ﬂows. and low flows to follow low flows.

- While studymg the dwgn capac:ty of rmcrvous Hurst (1950) came across an |

i

expected observauon m the ummpan'cd hydrolog:c nme senes namely pcrsxstence He *

‘ooncemrated his research on a statistic called the 'Range of Cumulatwe Departures from the
Mean." This value is defined as » |

- sup S - infS(/)

wberel = (0 1, .n), and j j = (0, 1,...,n) and where

suo “ 2: @- E(on

for k=12..n where Q, 1s the annual streamﬂow. and Dis the sample size. ﬁe adjusted
rapnge is deﬁned as ‘ ' ‘ '

R = sup S() - inf §* ()

where

skH=3q--3Q
Y 1 N w1

Q = water flow into reservoir in the ith year -

‘ n -‘ : RRPT o
Y Q, = total inflow (n years) .
S A =

125

W
(W04
D

s

¢ Bt



[,

. | ‘ |
e ln Y Q, = average annual release
k1 . o . '

Sy ‘ o o
L’: .E Q, amount released (k years) -

S (k) - surplus or deficit relatxve to the amount released
durmg the kth year and relative to the starting storage of the

© reservoir.

The difference between the largat surplus and the greatest deficit grves the capacity that a

reservoir must have in order to maintain a constant release equal to the mean flow of the

stream without overﬂows or deficits during the n-year period. From a design point of view,

this concept holds ment only if it is assumed that flows in the future will replicate the historic

flows. However the statistical behavior of R*(n) can prowde insight into the range of

capacities that need to be maintained. Hurst mvestlgated the behavior of a statistic called the
"rescaled range,” defined as R*/S(n), where S(n) is the standard deviation of the sample of
length n. He noted that the values of n versus R*(n)/S(n) plotted as straight lines on log-log

- graph paper. This indicates that the rescaled range follows an equation of the type

“ R'sn! - Kn”
S(n)

Hurst found that the average value for H wa§ 0.73 with a standard deviation of 0.08. Feller
(1951) pomted out that for a large n, a standard normal mdependent senes behaves as

E [R (n)] =1 25n°-"

It would be expccted that geophysical processes would ty'plcally be mdependent. which
corresponds to an H of 0.5.
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o The tendency of hydrologxc trme series to produce values of H larger than 0.5 has
': ,beeome known as the Hurst Phenomenon, and His known as the Hurst coeﬁcrent. Itis an

. 'mdrcator of hydrologrc persxstence. A debate currently exrsts as to the Slgn.lﬁcance of the
Hurst phenomenon. There are three lmes of thought_ o PN
1.

records are simply not long enough 0 show the graduate shift to n®

: VHowever, based on tree-ring data wlnch yield a very long time series,
. Manebrot and Wallis (1968) have argued against this idea. ' ”
“The Hurst phenomenon is due to nonstationarities in the mean of the process
That i b there is a Jow frequency component in the mean whrch is slowly trme-'
varying, | | B | o
. The Hurst phenomenon is due to statronary process&s with very large memory

- That i rs. the statronary processes have oorre]atlon functrons which decay very )

slowly in time, much slower than Markov or autoregressrve processes. In the

' hmrt, thrs is saying ‘that natural processes have mﬁmte memory Physrcally, ‘
’ ;',thrs is hard to ]ustrfy i ‘ : :
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